Epitaxial rare earth manganite thin films (ReMnO 3 ; Re = Tb, Ho, Er, and Y) and multilayers were grown by liquid injection metal organic chemical vapor deposition (MOCVD) on YSZ(111) and the same systems were grown c-oriented on Pt(111) buffered Si substrates. They have been structurally investigated by electron diffraction (ED) and high resolution transmission electron microscopy (HRTEM). Nanodomains of secondary orientation are observed in the hexagonal YMnO 3 films. They are related to a YSZ(111) and Pt(111) misorientation. The epitaxial film thickness has an influence on the defect formation. TbO 2 and Er 2 O 3 inclusions are observed in the TbMnO 3 and ErMnO 3 films respectively. The structure and orientation of these inclusions are correlated to the resembling symmetry and structure of film and substrate. The type of defect formed in the YMnO 3 /HoMnO 3 and YMnO 3 /ErMnO 3 multilayers is also influenced by the type of substrate they are grown on. In our work, atomic growth models for the interface between the film/substrate are proposed and verified by comparison with observed and computer simulated images.
Introduction
There is revived interest in multiferroic materials since the observations of the coexistence of ferromagnetic and ferroelectric polarizations and of the coupling between them [1, 2] . In the past few years they have attracted much attention because of their fascinating properties and their technological potential. Multiferroic materials have been used in a vast number of devices ranging from large electrical transformers to miniature devices used in integrated circuits. Besides, these materials are more likely to offer a range of novel devices and functionality because of their size-dependent physical and chemical properties [3, 4] .
Among the multiferroic materials, great interest and progress has been made in synthesizing and characterizing hexagonal rare earth (Re) manganites ReMnO 3 (with Re = Ho-Lu, Y) in bulk as well as in thin film and multilayer form. Molecular beam epitaxy (MBE), pulsed laser deposition (PLD), sputtering, chemical solution, and metal organic chemical vapor deposition (MOCVD) are among the techniques used for the synthesis of hexagonal manganite heterostructures [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recently, an approach called 'epitaxial stabilization' (ES) [5, 8, 10, 11] has been used as a tool for the synthesis-in the form of epitaxial films-of otherwise unstable phases (as bulk compounds) such as hexagonal DyMnO 3 , TbMnO 3 , or GdMnO 3 films. Epitaxial thin films often grow with structural characteristics different from their bulk counterparts because of the epitaxial requirement.
Multiferroic multilayers open avenues to create materials that display both the properties of the parent compounds and their coupling. Very often the phase composition and physical properties of thin films differ from those of their corresponding bulk material. Because of the interface between different materials (substrate-film and/or within multilayers), interfacial effects will ultimately influence the properties of [35] the film. This is, for instance, the case for the strain mediated indirect magnetoelectric coupling [17, 18] in thin film heterostructures. The combination of magnetic and electric dipolar orders in multiferroic materials, intimately depends on the coupling between the building blocks of the three-dimensional crystal structure. In the case of hexagonal ReMnO 3 thin films, the crystal orientation is also important because the magnetic ordering takes place in the ab plane and the electrical polarization is oriented along the c-axis, 0001 [19] [20] [21] .
The chemistry and structure of these thin film systems therefore have direct impact on their electrical and magnetic properties. Also, growth defects in the films may either have a favorable or an unfavorable effect for the intended applications. Hence, understanding the structure and defects of these thin films and of their interfaces becomes of critical importance for the subsequent performance and reliability of devices based on these materials.
In this study, transmission electron microscopy (TEM), HRTEM, and electron diffraction (ED) are used to characterize the structure and microstructure of hexagonal YMnO 3 , HoMnO 3 , ErMnO 3 , and TbMnO 3 films and interfaces. Details on the physical properties of these films have been described elsewhere [6, 22] .
Structural considerations
ReMnO 3 are known to exist in two kinds of structural modifications. Depending on the size of the Re ion, ReMnO 3 generally forms either in an orthorhombic (Re = La-Dy) or a hexagonal structure (Re = Ho-Lu and Y). However, it has also been shown in the literature that the synthesis method and post-processing techniques may induce a phase transition in the ReMnO 3 materials. Bosak et al [7, 8] , Dubourdieu et al [21] , Choi et al [10] , and Lee et al [11] were able to grow ReMnO 3 such as TbMnO 3 , DyMnO 3 , GdMnO 3 , EuMnO 3 , and SmMnO 3 , in the hexagonal form, which normally crystallizes in a stable perovskite phase. Perovskite phase epitaxially stabilized films of YMnO 3 and HoMnO 3 , known in bulk form only as high pressure phases, could be synthesized by MOCVD at much lower pressures [5] .
Epitaxial hexagonal TbMnO 3 and HoMnO 3 thin films have been synthesized on Pt(111)/Al 2 O 3 (0001) and YSZ(111) by PLD and MOCVD methods [11, [22] [23] [24] . Epitaxial orthorhombic TbMnO 3 and YMnO 3 films have been grown on SrTiO 3 and LaAlO 3 substrates by PLD [25, 26] . Orthorhombic HoMnO 3 crystals prepared by mild hydrothermal treatment have also been reported [14] .
Ye et al reported the transformation of hexagonal ErMnO 3 powders, synthesized by solid-state reaction methods, into the orthorhombic phase by high pressure sintering [27] . Others [16, 20, 21, 28] have reported growing hexagonal YMnO 3 films on YSZ, Pt/SrTiO 3 , and Pt/Ti/SiO 2 /Si substrates by PLD or MOCVD respectively. Suzuki et al reported that the hexagonal phase they obtained for YMnO 3 thin films on Pt(111)/TiO x /SiO 2 /Si was due to the heat treatment in vacuum [13] . Choi et al on the other hand claimed observing a single hexagonal phase for YMnO 3 films when annealing in vacuum, but they obtained secondary orthorhombic phases along with a primary hexagonal phase when annealing in ambient oxygen [29] . Their films were deposited on Si(100) substrates by MOCVD. Dho et al also observed a similar competition between orthorhombic and hexagonal phases for films grown on SrTiO 3 (111) substrates by PLD [20] .
We present here the results on the structure and defect characterization of hexagonal YMnO 3 , TbMnO 3 , ErMnO 3 , and HoMnO 3 films and multilayers on YSZ(111) as well as on Pt(111). A literature review shows very little detailed structural and microstructural characterization on these films. Moreover, most TEM investigations were carried out on YMnO 3 epitaxial films.
The crystallographic information for YMnO 3 , TbMnO 3 , ErMnO 3 , and HoMnO 3 bulk and/or thin film compounds is summarized in table 1. respectively. Liquid injection MOCVD was used to synthesize these films. The technique and experimental set-up have been described elsewhere [21, 36, 37] . Mn(tmhd) 3 and Re(tmhd) 3 precursors were mixed in an organic solvent (monoglyme) and injected as a single mixture with a micro-valve into an evaporator heated at 250
Experimental details
• C. The vapors of the reactive species were transported with Ar towards the heated surface of the substrate, at a total pressure of 0.66 kPa and an oxygen partial pressure of 0.33 kPa. The multilayers were prepared by using sequentially two injectors, each fed with a single cocktail of the Re and Mn precursors. The thickness of the films ranges between ∼10 nm and ∼500 nm. The total thickness of the YMnO 3 /HoMnO 3 and YMnO 3 /ErMnO 3 multilayers is ∼550 nm and ∼60 nm respectively. The growth temperature was 800
• C for YMnO 3 and 850
• C for HoMnO 3 , ErMnO 3 , and TbMnO 3 films. The (YMnO 3 /HoMnO 3 ) n and (YMnO 3 /ErMnO 3 ) n multilayers were grown at 825 and 850
• C respectively. After deposition, all heterostructures were in situ annealed at a growth temperature in 1 atmosphere of dioxygen for 15 min. The effect of the growth temperature on the rocking curve width and surface morphology is described elsewhere [6] . No significant temperature dependence was found for the hexagonal stabilized phase of TbMnO 3 in the range 825-925
• C. For YMnO 3 and HoMnO 3 films, the optimum growth temperature was found to be around 850
• C. Cross section samples for TEM were prepared by mechanical grinding to a thickness of about 20 μm followed by ion beam milling. The ion milling was done by 4 keV Ar + ions under grazing incidence with respect to the surface. The cross section samples were cut parallel to a cubic plane of the substrate perpendicular to the contact plane. TEM investigations were carried out using a JEOL 4000EX microscope operated at 400 kV. Image simulations were made with the MacTempas software. Figure 1 shows the TEM images of the ReMnO 3 (Re = Ho, Y, Tb, and Er) films grown on a YSZ(111) substrate. The original thickness of the HoMnO 3 film was estimated to be ∼12 nm. The 'wave-like' surface observed in figure 1(a) is attributed to TEM sample preparation. Unlike the HoMnO 3 film, the thicker YMnO 3 film (∼100 nm) (figure 1(b)) appears to have a columnar structure. The TbMnO 3 film in figure 1(c) has a uniform thickness of about 135 nm and exhibits a uniform contrast. The ErMnO 3 film shows the presence of Moiré fringes in certain regions of the film (figure 1(d)); the thickness of the film is about 75 nm. A relatively flat interface is observed for all these manganite films on YSZ(111). The corresponding ED patterns all show a superposition of reflections resulting from the ReMnO 3 films and from the YSZ. The brighter reflections correspond to YSZ (cubic, Fm3m (225); a = 0.5162 nm [38] ). The weaker reflections are attributed to the ReMnO 3 film and correspond to a hexagonal structure with P6 3 cm space group (185).
Results

Thin films
The ED patterns evidence a heteroepitaxial growth of all films with the substrate. HRTEM images show the interfacial structure of HoMnO 3 , TbMnO 3 , and ErMnO 3 films on YSZ(111) (figure 2). The interface between the YSZ(111) substrate and these films appears to be relatively flat and well defined. The c-axis oriented ReMnO 3 films are perpendicular to the in-plane direction of YSZ. Image simulations (inset in figure 2(a) ) based on the HoMnO 3 /YSZ(111) structure are in good agreement with the experimental image.
The YMnO 3 /YSZ(111) film shows a different aspect (figure 3). Although the substrate is well defined and atomically flat, the YMnO 3 film reveals that, aside from the main epitaxial orientation, a secondary orientation with a rotation of the c-axis results in different domains. From the ED pattern shown in figure 1(b) , the epitaxial relationships of the secondary orientation are:
These secondary oriented nanodomains (length scale of ∼10-15 nm) have been shown to be at the origin of a significant ferroelectric contribution when measured by the second harmonic generation (SHG) technique [39] . They behave as ferroelectric nanodomains with a preferred crystallographic orientation of their spontaneous polarization. The surrounding epitaxial c-oriented film is in a ferroelectric single-domain state. Such secondary oriented nanodomains may have an impact on the net polarization in the films. Moreover, while the linear magnetoelectric effect is not present in bulk hexagonal manganites, magnetoelectric coupling has been shown to occur between domain walls of ferroelectric and antiferromagnetic domains in YMnO 3 [40] . The presence of ferroelectric domains with a polarization oriented differently from the matrix could therefore have a significant impact on the magnetoelectric effect in the films.
Also secondary inclusions may appear in some of the films. Figure 4(a) shows an inclusion in a TbMnO 3 film [42] ). Figure 5 shows the low magnification TEM images of (a) HoMnO 3 and (c) YMnO 3 films grown on Pt(111). The HRTEM image ( figure 5(b) ) of HoMnO 3 /Pt(111) and its corresponding ED pattern are from the region marked by a white box in figure 5(a) . The thickness of the HoMnO 3 and YMnO 3 films is about 20 nm and 60 nm respectively. The 'wave-like' surface of the YMnO 3 film may be attributed to the sample preparation.
Step drops along Pt(111) (marked by white arrows) are observed in both films. The brighter reflections on the ED pattern are attributed to Pt (cubic, Fm3m (225); a = 0.3970 nm [43] ), the other reflections belong to the HoMnO 3 film. This film also has a hexagonal structure with P6 3 cm space group (185). The epitaxial relationship is as follows:
Contrast variations are observed inside the Pt layer as well as in the HoMnO 3 film. These variations appear to occur at the boundaries between different Pt(111) crystallites. TEM reveals that the darker crystals in this case ( figure 5(a) ) are oriented along a zone axis, while the lighter Pt(111) crystallites are slightly misoriented. Earlier x-ray diffraction work on these films [21] reported that these Pt crystallites have an in-plane polycrystalline distribution and thus lack in-plane orientation. In spite of this, the film appears to locally maintain its epitaxial growth throughout the sample. The HRTEM image in figure 5(b) shows a perfect epitaxial growth of the HoMnO 3 film.
The HRTEM image of YMnO 3 /Pt(111) (not shown here) also revealed secondary c-axis orientations, but there are a significantly larger number of nanodomains compared to the YMnO 3 film grown on YSZ(111). Figure 5(a) shows that 'steps' are observed at the boundaries between (111) Pt grains. The HRTEM image of HoMnO 3 /Pt(111) (figure 6) shows that such a 'step' can induce the formation of antiphase boundaries (APBs). The film layer on the right-hand side of the APB is shifted over half a unit cell along c. Such surface step induced APBs have also been reported by others [44] [45] [46] . 
(YMnO 3 /ReMnO 3 ) n (Re = Ho and Er) multilayers
Multilayers combining ReMnO 3 compounds were grown for two purposes. From an electrical point of view, interfaces can lead to extrinsic effects such as internal barrier layer capacitance effects, which lead to an enhanced dielectric response. For such purpose, the system YMnO 3 /HoMnO 3 was chosen as it combines YMnO 3 compounds that exhibit the lowest leakage currents among the prepared hexagonal manganites with HoMnO 3 that was quite leaky in the present preparation conditions. From a magnetic point of view, combining ReMnO 3 compounds with different magnetic symmetries in the form of ultrathin films is of interest for the study of possible magnetic moment reorientations at the interfaces and possible magnetic coupling between layers. For such purposes, YMnO 3 and ErMnO 3 with different magnetic symmetries were chosen [47] . In both multilayer cases, interfaces play a major role in the resulting properties, which motivates a detailed local structural characterization. Figure 7 is a low magnification TEM image of (YMnO 3 /HoMnO 3 ) 15 multilayers grown simultaneously on (a) YSZ(111) and (b) Pt(111). The total thickness is 545 ± 5 nm and 525 ± 5 nm on Pt(111) and YSZ(111), respectively. In the lower part of the stack (near the interface) the YMnO 3 and HoMnO 3 layers appear to have a less 'wavy' appearance compared to the top part of the multilayer [48] . The insets in figures 7(a) and (b) are the corresponding ED patterns. The stronger reflections correspond to YSZ(111) and Pt(111), respectively, while the weaker reflections are associated with the YMnO 3 and HoMnO 3 films. The epitaxial relationship between layers and substrates is as follows: The epitaxial growth as well as the relation between the multilayers is apparent from the HRTEM image of figure 8 . The image simulations (inset in figure 8(a) ) based on the YMnO 3 /HoMnO 3 structure show a good agreement with the experimental image. The different interfaces generally appear to be defect free and well defined. However, some inclusions in the YMnO 3 /HoMnO 3 multilayers ( figure 9(a) ) occasionally nucleate at the interface between two layers and then protrude within the successive YMnO 3 Figure 10 shows images of the (YMnO 3 /ErMnO 3 ) 10 multilayer. The total thickness is about 60 nm ( figure 10(a) ). The heteroepitaxial growth of YMnO 3 and ErMnO 3 appears to be well defined. Figure 10 
Structure and defect characterization.
Discussion
Thin films
Based on the crystal structure and experimental evidence presented here, the proposed atomic growth models for ReMnO 3 (Re = Ho, Y, Tb, and Er) films are presented in figure 11 . Figures 11(a) Based on these structure models we have calculated the HRTEM simulations; they are shown in figures 11(e) and (f) and are in good agreement with the experimental images. The schematic diagrams shown in figures 11(g) and (h) describe the primary and secondary c-axis growth directions with respect to YSZ(111) or Pt(111).
The preferential secondary c-axis growth direction observed in the YMnO 3 film on YSZ(111) can be correlated to the orientation of the YSZ substrate. In the (011) zone of YSZ there is a 70.5
• angle between [111] and
The experimental ED pattern in figure 1(b [111] YSZ . Hence, also with the secondary c-axis growth (rotated 70.5
• away from the primary c-axis), the lattice mismatch remains the same. In addition, during the annealing process the c-axis oriented YMnO 3 thin films have net competing stresses owing to a high negative thermal expansion coefficient α (−18.5 × 10 −6 • C −1 ) along the a-axis direction of YMnO 3 as compared to the caxis direction (3.5 × 10 −6 • C −1 ) [50] and YSZ(111) substrate These remarks may explain why such secondary orientations leading to nanodomains were suggested to be at the origin of the six-fold symmetry signal recorded by SHG while only a two-fold symmetry was expected for an epitaxial c-oriented film [39] . HoMnO 3 also has a similar α trend in aaxis and c-axis directions as compared to YMnO 3 [52] , but the thickness of the HoMnO 3 film (∼12 nm) is almost ten times smaller than that of the YMnO 3 film (∼100 nm) and below the critical thickness for strain relaxation in these films.
The larger number of nanodomains observed in the YMnO 3 film grown on Pt(111) is probably linked to the spread in orientations of the Pt crystallites. Apart from the lack of a single in-plane orientation of the substrate, contributions from the thermal stresses (α Pt = 8.9 × 10 −6 • C −1 ) [53] will also interfere.
The secondary phase inclusions in the TbMnO 3 and ErMnO 3 films grown on YSZ(111) could have been generated to relieve the excess strain energy accumulated because of the thickness of the film (135 nm for TbMnO 3 and 75 nm for ErMnO 3 ). It costs excess energy to strain additional layers of material into coherence with the substrate, unlike for the HoMnO 3 film where the thickness of the epitaxial layer (∼12 nm) is small enough to maintain the strain energy below the energy for defect formation. In the Gibb's energy of formation equation (1):
(where g vol is a specific free energy, V the volume of the nucleus, σ the surface energy, S the value of the nucleus surface), only g vol is negative while σ S and G stress are always positive and produce a destabilizing effect on the nucleus formation [54, 55] . The surface term (σ S) is relatively low in the case of these epitaxial films where there is coherency between the film and the substrate. The lattice mismatch between YSZ and the considered ReMnO 3 films is + ∼2-3%. The lattice mismatch being defined [21] , where a YSZ = 0.5162 nm and a ReMnO 3 = 0.6112-0.6175 nm. Hence the significant destabilizing role is the elastic stress ( G stress ), which increases with increasing thickness. Another possible origin of these secondary phase inclusions could be an off-stoichiometry of the films.
The inclusions have been identified as TbO 2 and Er 2 O 3 . The exact composition and orientation of inclusions in an epitaxial film depends in a complex way on thermodynamics, kinetics, structure, and lattice parameters. The formation of these inclusions can be inferred from the subsolidus phase diagrams of Re-Mn-O systems [56] . According to the study of Balakirev and Golikov [56] , the coexistence of the two solid phases of Re-oxide and ReMnO 3 is found to be in the temperature (t) range of 800 > t < 1400
• C and chemical composition (N) range of 0 < N 0.5, where ReMnO 3 . This corresponds to the same relation as that between the ReMnO 3 film and YSZ(111). The structure and orientation of the substrate and film govern, to a significant extent, the appearance of particular phases. Samoylenkov et al [55] and Broussard et al [57] reported that the nature of the secondary phases in their epitaxial films is distinctly influenced by the substrate orientation they use.
(YMnO 3 /ReMnO 3 ) n (Re = Ho and Er) multilayers
The strain energies due to the relatively large thickness of the HoMnO 3 /YMnO 3 multilayers may be released by the arching [58] of the individual layers without destroying the orientation relationship. So, except for a few layers close to the substrate (∼3 YMnO 3 and HoMnO 3 layers each), the layers towards the surface appear to be arching more and more. Unlike for the relatively thick individual YMnO 3 films where secondary c-axis orientations were observed, the thinner YMnO 3 layers in the multilayered system appear to have a good epitaxial growth similar to the HoMnO 3 layers on both substrates.
A possible reason for the Mn 3 O 4 inclusions could be a small deviation of the sample stoichiometry from the ideal ratios leading to the appearance of secondary phases. Too high deposition temperatures and/or too low deposition partial pressures of oxygen relative to the ideal may also be a reason [55, 59, 60] for the cation Re/Mn disorder as well as crystallographic vacancies. It has been reported that minor fluctuations of the composition of the deposited layers are inherent in film growth by techniques such as MOCVD, magnetron sputtering, and laser ablation among others [55, 61, 62] .
If, during the film growth, the manganese content in these films exceeds solubility limits, then during annealing the oxidation may stabilize the Mnrich areas. Tetragonal Mn 3 O 4 inclusions were also reported in epitaxial Nd 1−x MnO 3+δ and La 1−x MnO 3+δ films synthesized by MOCVD [59, 60] . In contrast to the Mn 3 O 4 inclusion in the YMnO 3 /ErMnO 3 layers, the 'wavy' shaped inclusion in YMnO 3 /HoMnO 3 resembles the arching of the layers. The inclusion is nucleating at the Mn-rich interface between the YMnO 3 /HoMnO 3 multilayers and then grows within the individual layers. Although Mn 3 O 4 inclusions were found in both multilayers grown on YSZ(111), they were not observed in the YMnO 3 /HoMnO 3 multilayers grown simultaneously on Pt(111).
Instead, twinning was present ( figure 12 ). This twinning in the YMnO 3 /HoMnO 3 multilayers is initiated at the boundaries of the Pt crystallites due to the rotation of these crystallites along 111 .
These observations illustrate that different types of defects may form within the same film, depending on the substrate and the deposition details. Also other reports [55, 63] confirm that different inclusions can form within the same film, when they are grown on different substrates or on substrates with a different orientation.
Conclusions
Hexagonal YMnO 3 , HoMnO 3 , ErMnO 3 , and TbMnO 3 films grown on YSZ(111) have a good epitaxial growth. TbMnO 3 , which is normally stable in an orthorhombic structure, is epitaxially stabilized in its hexagonal form. A preferential second orientation of the c-axis is observed in YMnO 3 films (∼100 nm) and is attributed to the conforming hexagonal symmetry in the zone axis of [1100] film and [011] YSZ. In the case of Pt(111), the secondary c-axis orientation of YMnO 3 is linked to the lack of a single in-plane orientation of the Pt crystallites. Despite the absence of an in-plane orientation of the Pt crystallites, the HoMnO 3 film has a local epitaxial growth similar to that on YSZ(111). The appearance of antiphase boundaries is attributed to the presence of surface steps along the Pt(111).
YMnO 3 /HoMnO 3 multilayers grown on Pt(111) and YSZ(111) have a good epitaxial growth. However, due to the relatively large thickness of the films and subsequent strain relaxation, the individual layers near the top of the film are arched. YMnO 3 /ErMnO 3 with ultrathin interlayers grows with a high epitaxial quality on YSZ(111).
Secondary phase inclusions are found in the TbMnO 3 , ErMnO 3 films and YMnO 3 /HoMnO 3 and YMnO 3 /ErMnO 3 multilayers grown on YSZ(111).
They are linked to strain relaxation and/or a possible deviation of the sample stoichiometry from its ideal ratios.
The 
